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Abstract 
We present results of photoluminescence (PL) studies of single SiO2 nanoparticles (SiO2 NPs) and single Si nanocrystals (Si 
NCs). Single particle spectroscopy reveals almost identical PL spectra for both kinds of nanosized systems. The emission curves
exhibit a zero-phonon line and one or two phonon bands, which can be assigned to longitudinal optical phonons in SiO2. Using 
cylindrical vector beams for imaging the fluorescence of single particles we show that they possess a linear excitation transition
dipole moment (TDM). Furthermore, the single particle fluorescence patterns demonstrate upon continuous excitation dynamical 
effects such as blinking, bleaching, and flipping of the TDM. The latter is related to a redistribution of defect states caused by 
charge fluctuations in the surrounding of the embedded NP. Excitation fluorescence images visualize the intermediate state 
resulting from the TDM flipping. 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Since the first observation of photoluminescence (PL) from porous silicon by Canham et al. [1], silicon-
based nanostructures gained an increasing interest for the researchers. Being an outstanding electronic material, it is 
a poor light emitter due to an indirect bandgap. Improving the interface between silicon electronics and photonics 
would lead to a new breakthrough in information processing technology, moving towards entirely optical computers 
[2,3]. In spite of a growing volume of investigations, the PL origin from porous silicon [4] and silicon nanocrystals 
(Si NCs) embedded in an amorphous SiO2 shell [5] is still under a long-running debate [6-10]. One possible origin is 
the radiative recombination of the quantum confined electron-hole pairs (excitons). According to the interpretation 
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of quantum confinement, reducing the size of the core-shell nanoparticle (NP) leads to an increase of the conduction 
band energy, while the valence band energy decreases. The barrier, standing on the way of tunability of the PL from 
Si NCs, arises from defects in the SiO2 structure [11]. With decreasing size of the NP, the defects may appear as 
inner band gap states and drastically change the optical properties of the particle. Thus, fundamental knowledge of 
the defect-related PL mechanisms is very important for controlling optical characteristics of the quantum-confined 
systems. As has been shown in recent investigations, both SiO2 NPs and Si NCs exhibit defect-based PL [12,13]. In 
this work we present new results on single nanoparticles PL dynamics. 
2. Experimental 
Silicon nanocrystals (Si NCs) with diameters between 3 and 10 nm were produced by laser-induced 
pyrolysis of silane (SiH4) in a gas flow reactor according to the procedure, described elsewhere [14]. Amorphous 
SiO2 NPs were prepared by full oxidation of freshly prepared Si NCs according to the recipe of Colder et al. [16]. 
Samples for single-particle PL measurements were prepared by spin coating. The polymer poly(methyl 
methacrylate) (PMMA) was used to immobilize the particles on the sample surface. For recording fluorescence 
excitation patterns the NPs were excited with an argon ion laser (Ȝexc = 488 nm). A pulsed diode laser (Picoquant, 
LDH-P-C-470, Ȝexc = 473 nm, repetition rate: 10 MHz, pulse width: 300 ps) was used for acquisition of single 
particle PL spectra and time traces. Further details about the home-built confocal microscope setup and sample 
preparation for single-particle PL measurements are describe elsewhere [12,13,15]. 
3. Results and discussion 
Fig. 1 shows examples of two PL spectra acquired from one single Si NC (solid curve) and one SiO2 NP 
(dashed curve) embedded in a PMMA matrix. The amazing similarity of the curves suggests for both spectra a 
common origin of the PL. The curves typically reveal two sharp bands. The separation between the peaks lies within 
the range 140 – 180 meV for all investigated particles [12,13]. Such energy separation is very close to the energy of 
the longitudinal optical mode of SiO2 at 156 meV [17]. In some spectra the intensity was sufficient to distinguish a 
third feature at the red side of the spectrum. It is remarkable that the three bands turned out to be equidistant. This 
allows us to assign the satellite bands at the low-energy side to phonon- and double-phonon-assisted recombinations, 
respectively, while the most intensive band is related a to zero-phonon recombination. A large number of measured 
single particle PL spectra showed that the distribution of the zero-phonon band maxima of both types of NPs covers 
the range between 1.8 and 2.8 eV. According to Glinka et al. [18] we attribute the observed PL to hydrogen-related 
species (ŁSi-H and ŁSi-OH) on the surface of the nanoparticles. 
Figure 1. PL spectra of a single Si/SiO2 core-shell nanoparticles (NP)  (solid line) and a SiO2 nanoparticle (NP) 
(dashed line) in PMMA matrix. The represented data are averaged over 6 data points. 
Recent investigations of the excitation transition dipole moment (TDM) of single SiO2 NPs using 
cylindrical vector beams (CVB, also known as higher-order laser modes [12,13,15,19]) revealed the presence of a 
one-dimensional TDM. Furthermore, we found that the TDM is randomly oriented with respect to the sample 
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surface. Fig. 2(a) demonstrates an example of an excitation fluorescence image of two individual SiO2 NPs excited 
in the focus of a radially polarized laser beam. Simulated patterns, giving the best fit to the experimental (Fig. 
2(b),(c)) data allow us to determine the three-dimensional orientation of the TDM. Remarkably, studies of the 
emission TDM using polarization microscopy [12] revealed that the TDM for excitation and emission have the same 
orientation. This result suggests that the PL photon arises from the same defect which was excited. 
Figure 2. (a) Fluorescence excitation images of two SiO2 NPs embedded in a PMMA matrix and excited in the 
focus of a radially polarized laser beam (Ȝexc = 488 nm). Images (b) and (c) show simulated fluorescence patterns, 
giving the best fit to the experimental data. Angle values for the TDM orientations are given below the patterns 
according to the coordinate system (d). 
The excitation of a single NP, possessing a linear TDM, by scanning it through the focal region of an 
azimuthally polarized laser beam (APLB) with doughnut-shaped intensity profile always gives rise to an image 
consisting of two nearby bright spots of elliptical shape resembling a “coffee bean” [12,13,15]. The projection of the 
transition dipole moment on the substrate is oriented along the dark gap between the two halves of the “coffee 
bean”. Fig. 3(a)-(c) shows a series of images, taken one after another and exhibiting the same Si NC immobilized in 
a PMMA matrix and excited with APLB. The time between two consecutive samplings of the area is 100 s. Images 
(a) and (c) show bright two-lobe patterns, demonstrating that the NP’s TDM flips from one orientation to another. 
This phenomenon can be explained by a redistribution of defect states caused by charge fluctuations in the 
surrounding of the NP such that another defect becomes energetically more favorable.. Image (b) shows an 
intermediate state without a definite orientation of the TDM. If the energy levels of the defects are very close, a very 
fast flipping of the TDM can occur, which can be seen in image 3(b). At the same time, as has been observed in the 
majority of cases [13], the particle, possessing a linear TDM, can exhibit fast switching from one defect to another. 
Figure 3. A set of excitation images obtained from one and the same single Si NC embedded in a PMMA matrix. 
As an azimuthally polarized laser beam was employed, the images reveal the projection of the TDM on the 
substrate. Images (a) and (c) show that the orientation of the TDM changes by 60°. In image (b), an intermediate 
state, reflected by the ring-like structure, is observed. It is caused by the overlapping of two “coffee bean” -like 
patterns arising from the first and last image.  
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Fig. 4 shows a time trace, acquired from a single SiO2 NP embedded in PMMA by binning the photon 
counting events into 100 ms slots. The particle was excited with a linearly polarized Gaussian laser beam (Ȝexc = 473 
nm, repetition rate: 10 MHz, pulse width: 300 ps). The time trace shows two “on” states of the NP associated with 
an emission intensities near 11000 (active during 23.5 s) and 5500 (active during 5.2 s) counts per second. The 
background signal of 3500 counts per second originates from some weak fluorescence of the polymer matrix 
representing the “off” state. Although the curve exhibits two different optically active states, the transition between 
them occurs through the “off” state, which lasts 0.6 s (i.e., not related to the noise artifact). This shows that the two 
levels of the signal are not related to the overlap of the PL arising from two NPs, but can be attributed to the 
transition between different optically active defect-related states within one emitter. Since the particle was excited 
with the linearly polarized beam, the strong difference between the intensities of the two “on” states can be 
attributed to the states, possessing a different orientation of the TDM for excitation, and, hence, a different 
excitation efficiency. 
Figure 4. PL time trace obtained from a single SiO2 NP embedded in PMMA. The NP was excited with a linearly 
polarized Gaussian laser beam (Ȝexc = 473 nm). Two “on” states are characterized by count rates of nearly 11 and 5.5 
kcounts/s. The background signal of ~3.5 kcounts/s is attributed to the polymer matrix. 
4. Conclusions 
Comparing single particle PL spectra, we have shown that the emission of SiO2 NPs and Si NCs originates from 
defect states related to the silica structure. We observed that both types of the NPs exhibit flipping of the TDM. The 
phenomenon is related to a redistribution of defect states caused by charge fluctuations in the surrounding of the NP. 
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